Objective: This study examined whether World Trade Center (WTC) exposures and chronic posttraumatic stress disorder (PTSD) were associated with incidence of mild cognitive impairment (MCI) in a longitudinal analysis of a prospective cohort study of WTC responders. Methods: Incidence of MCI was assessed in a clinical sample of WTC responders (N 5 1800) who were cognitively intact at baseline assessment. Crude incidence rates were calculated and compared to population estimates using standardized incidence ratios. Multivariable analyses used Cox proportional-hazards regression.
The events following the attacks on the World Trade Center (WTC) on September 11, 2001 , were cataclysmic. The impacts of these exposures, and their known sequelae, on mental and physical health, remain largely unknown. Many of the more than 60,000 men and women who worked in rescue and recovery efforts at the WTC saw maimed, dead, falling, and dying people and also inhaled dust and smoke containing toxic chemical pollutants during response efforts [1] . Chronic posttraumatic stress disorder (PTSD) remains among the top five conditions reported in WTCexposed individuals, even two decades after 9/11 [1, 2] . In other populations, PTSD and long-term exposure to airborne pollutants have been linked with increased risk of dementia [3, 4] . Chronic PTSD is a disorder commonly characterized by the stressful re-experiencing of a traumatic event accompanied by a chronically dysregulated stress-response [5, 6] that has been associated with cognitive dysfunction [7] , changes in neural responses [8] , increased neuropathology [9] , reduced hippocampal volume [10] , and cortical thinning [11] . Long-term exposure to airborne pollutants has been associated with increased neuropathology [12, 13] , dopaminergic changes [14] , and incidence of Alzheimer's disease [15] .
Research studies of WTC responders have found impairments in cognitive and physical functioning in this population [16] [17] [18] , which is concentrated among responders reporting high levels of chronic intrusive re-experiencing stress. In addition, early reports have identified a small association between lengthy exposures to the pile/pit and cognitive dysfunction [17] . To date, prior research has been limited to cross-sectional association studies. This is the first study to longitudinally assess the relationship between PTSD and the development of mild cognitive impairment (MCI). This approach is critical because MCI is heterogeneous, and its implications are most concerning when accompanied by decline in cognitive abilities [19] . The objective of this study was to determine the incidence of MCI in a consecutive sample of cognitively normal WTC responders participating in a clinic-based monitoring study. We hypothesized that incidence of MCI would be more common in WTC responders than in estimates from the general population and that PTSD symptom severity and WTC exposure duration would be associated with increased risk of incident MCI.
Methods

Setting
All WTC responders are eligible to attend annual monitoring and treatment appointments, for free, by one of the dedicated WTC responder clinics [20] . Each clinic manages cases in their geographically determined catchment area. Stony Brook University (SBU) operates two clinical centers that provide annual monitoring visits to WTC responders residing on Long Island, NY. Prior analyses have found that the SBU clinic monitors responders who are similar in terms of exposures, PTSD burden, and age on 9/11/2001 to the responder population [1] . In 2014, SBU began the first and only prospective study to date to assess indicators of aging in WTC responders by incorporating cognitive assessments into the monitoring visit [18] .
Study population
Baseline data collection occurred between 01/01/2014 and 12/31/2015 during regularly scheduled monitoring visits among responders who were fluent in English ( Supplementary Fig. 1 ). The follow-up period was 1.0-2.5 (mean 5 1.48) years after baseline assessment with a cutoff date of 07/01/2017. Visit date was recorded for each visit. Eligible responders participated in the initial cognitive assessment (response rate 5 95.6%).
Non-WTC comparison population
The recruitment of a non-WTC comparison cohort was outside the scope of this study. Incidence in the general population was determined by completing a random-effects meta-analysis of data retrieved for the present study from two systematic reviews of proximal diagnostic categories that were estimated at 50.10/1000 person-years (95% CI 5 [38.09-62.11]) among participants with average age of 74.8 years (Supplementary Material).
Ethics
The Stony Brook University Ethics Review Board approved this study (#604113); responders provided written informed consent. All procedures were carried out in accordance with the approved protocols.
Role of the funding source
The funding source played no role in the study design, data collection, analysis, interpretation, or reporting for this study. The corresponding author had full access to these data and final responsibility for the decision to submit for publication.
1.6. Measures
Mild cognitive impairment
This study systematically identified MCI in a manner consistent with the National Institute on Aging-Alzheimer's Association's definition for MCI [19] . Cognitive status was assessed using the Montreal Cognitive Assessment (MoCA), a test that was designed to identify multidomain MCI [21] . The MoCA has excellent test-retest reliability and is internally consistent [21] . To avoid test-retest biases resulting in increased scores on neuropsychological tests, alternate versions of the test were used at each visit. Because epidemiological analyses relying on the MoCA need to use more conservative cutoffs than those used in a neurological clinic [22] , we used a conservative cutoff validated in epidemiological settings (MoCA 23) [23] . Finally, because memory declines are often reported among individuals with symptoms of anxiety and distress [24] , and because one symptom of PTSD is self-reported difficulties with memory, cognitive decline was assessed objectively as decay in cognitive functioning at the follow-up assessment.
Posttraumatic stress disorder symptom severity was assessed at monitoring visits using a WTC-specific form of the PTSD Checklist (PCL-17), which assessed PTSD symptoms related to experiences at the WTC site [25] . To reduce the risk of reverse causation, PTSD symptom severity was measured at enrollment beginning in July 2002. Responders reported the extent to which 17 DSM-IV PTSD symptoms had bothered them in the past month, with responses ranging from not at all (1) to extremely (5). Neurodegenerative conditions often cause neuropsychiatric symptoms in the form of anxiety and elevated depressive symptoms [26] ; however, recent work has shown that re-experiencing symptoms are less sensitive to increases in symptomatology seen in cognitively impaired individuals, so the focus in this study was on the symptoms [27] . PTSD symptom severity denotes symptoms summed across the five re-experiencing symptoms in a standard way and scaled to range from no symptoms (0) to maximal symptoms (1) to facilitate effect size comparison.
World Trade Center exposure
To infiltrate the brain, inhaled particulate matter must be vanishingly small (,0.1 mm), round, and smooth [28] . Thus, although most research in this population focuses on pulmonary exposures with large and jagged pieces having the potential to become lodged in the lungs, we propose that inhaled dust that is burned or pulverized over a long period may increase risk of dust filtering into the brain through the blood-brain barrier [17] . No questions in the exposure interview directly address this type of exposure; exposure severity was therefore classified as working on the pile or in the pit where exposures were the most intense and for a prolonged duration (defined as being in the top quintile, 15 weeks [29] ).
Apolipoprotein genotyping
APOEε4 allele possession is associated with increased risk of dementia, in part because it increases blood-brain barrier permeability [30] and may therefore increase vulnerability to dust-related exposures. DNA was extracted from blood collected during visits at study baseline. SNP genotyping was performed using the Agena iPLEX kit with processing completed at Roswell Park Laboratories. Because of small size (n 5 18) of the homozygous-APOE ε4/ε4 group, homo/heterozygous APOE-ε4 carriers were combined.
Demographics
Age in years was recorded. While sex is not associated with incidence of MCI in the general population [31] , sex was also recorded for descriptive purposes. Occupation was dichotomized into nontraditional (e.g., construction workers) versus law enforcement groups. Education was categorized into high school education or less, some college, and university degree. Race/ethnicity was categorized into mutually exclusive categories: white, black, other, or Hispanic.
Physical health
Clinic-recorded diagnoses of all-cause cancer, diabetes, hypertension, and cardiovascular disease were examined. Pre-911 head injury (not due to WTC) was measured using a structured history and categorized as minor (nonconcussive without loss of consciousness), concussive, involving loss of consciousness, or multiple reports across types.
Measures used for exclusion
Diagnoses of the following health conditions made at any time before the second cognitive assessment were retrieved from the responders' clinical records: stroke, Parkinson's disease, Alzheimer's disease, other dementias, and multiple sclerosis. Evidence of a WTC-related head injury was collected using a structured history and by reviewing diagnostic charts identifying a traumatic brain injury occurring at the WTC.
Sensitivity analyses (Supplementary Material) were conducted to clarify modeling assumptions, to examine other potential psychiatric comorbidities and to discuss the relevance of other specifications of PTSD symptoms and diagnosis.
Statistical analysis
Means with standard deviations, and percentages, were used to describe the sample. Bivariate analyses relied on t-tests and nonparametric trend tests to calculate P values. Because both PTSD and MCI are common outcomes in this cohort, multivariable analyses in the Supplementary Material and in analyses of attrition reported in the main text relied on log-binomial models to provide unbiased estimates of the relative risk (RR) [32] . Crude incidence rates and age-standardized incidence rates (aIRs; /1000 personyears) were calculated using direct standardization with the U.S. 2000 standard population [33] . Standardized incidence ratios were calculated [34] to compare crude incidence rates to population estimates as noted previously. Cox proportional-hazards regression was used to model incidence [35] ; unadjusted associations and multivariableadjusted associations were reported. Age/sex-adjusted incidence by time figures was estimated using the results from Cox models for different PTSD and exposure groups. All analyses were proportionally weighted to match the responder population [1] . Schoenfeld residuals were used to test the proportional-hazards assumption. Analyses were conducted using Stata IC/14.2 [StataCorp].
Results
Sample description
After excluding responders with WTC/military-related head injuries or preexisting neurocognitive disorders, the final sample (Table 1 ) was in their mid-50s, on average, and most participants were male, worked in law enforcement, had more than a high school diploma, and worked six weeks at the WTC site. Applying exclusion criteria resulted in exclusion of 62 responders who had a history of neurocognitive diseases including brain cancer and dementia, and 16 responders with incomplete information. Of those who were eligible, 87.7% completed a followup visit within the observational period, 82.8% of whom completed follow-up cognitive assessments. Analyses of the likelihood of attrition revealed that those who were cognitively impaired at baseline were more likely to lack a follow-up cognitive assessment (RR 5 Comparing crude rates to published results (aIR 5 50.10/ 1000 person-years), incidence was higher in WTC responders than in the general population (standardized incidence ratio 5 2.16, 95% CI 5 [1.92-2.41]). Cumulative incidence of MCI was higher among those with higher PTSD symptom severity (Fig. 1) , and among responders possessing the APOE-ε4 reporting severe WTC exposures (Fig. 2) , supporting trends identified in Table 1 . 
Multivariate analyses
Prior results were confirmed first in unadjusted and then in multivariable-adjusted analyses. The proportionalhazards assumption was upheld in these analyses (c 2 5 14.8, P 5 .613). Analyses revealed that both higher PTSD symptom severity and APOE-ε4 allele possession among severely exposed WTC responders were associated with increased risk of incident MCI (Table 2) .
Sensitivity analyses
Additional analyses examined the extent to which predictors including PTSD symptoms and WTC exposures may be explained by inclusion of possible alternative specifications for mental health conditions including diagnosed anxiety and depressive disorders. Consistent with the literature, diagnoses with these disorders were highly associated with increased PTSD symptom severity at enrollment (depression: RR 5 13.98 [10.77-18 .14]; anxiety: RR 5 9.52 [726-12.49]) raising concerns about multicollinearity. Supplemental analyses (Supplementary Material) revealed that the appropriate specification was PTSD symptom severity as measured here.
Discussion
Individuals involved in the WTC disaster are now at midlife, a time when aging is starting to become clinically apparent. This is the only prospective longitudinal study of cognitive aging in responders who participated in the rescue and recovery efforts following the attacks of 9/11/2001 on the WTC. We found higher than expected incidence of MCI over an 18-month follow-up period when comparing incidence statistics to estimates among unexposed individuals from the general population of individuals who were, on average, 20 years older than those studied here. In addition, this study reported a strong association between prolonged WTC exposure and incident MCI among responders carrying the APOE-ε4 allele and further noted that WTC exposures were strongly associated with incidence of MCI among those possessing the APOE-ε4 allele.
This study was conducted in a single clinical center that monitors responders living in Long Island, NY. These responders are similar in levels of exposure and PTSD symptom severity to the .60,000 WTC responders (including firefighters, police, construction, media, medical, and volunteer responders) monitored across all the WTC monitoring programs [20] . These findings therefore imply a potentially high burden of MCI in the broader WTC responder population.
The prognosis for MCI in this cohort is unknown. Some cases may develop dementia, whereas others will remain stable and many will resolve. Yet, while the clinical diagnosis of dementia was outside the scope of this study, analyses examining diagnostic accuracy in the Alzheimer's Disease Neuroimaging Initiative suggest that 41.9% of older individuals with MCI (MoCA 23) also have functional limitations sufficient for dementia diagnosis [36] . While not at all definitive, the high level of functional limitations accompanying MCI is concerning because only 1/1000 people aged 45-64 years are expected to have dementia at this age group [37] , whereas 41.9% of those with incident MCI in this study would reflect a baseline prevalence of dementia in the range of 74.5/1,000. Studies are now underway to assess the level of functional limitations in this population.
Chronically re-experiencing traumatic memories are foundational symptoms in PTSD and may be crucial when studying the long-term results of traumatic events because these emotionally intense memories link experiences to long-term dysregulation in neurobiological processes [38] . These recalled stressful experiences are fairly common, with more than one-quarter of WTC responders experiencing these symptoms more than a decade after the event [2] . Neuroimaging studies have reported that trauma survivors with chronic PTSD have more rapid hippocampal volume loss [10] , reduced cortical thickness [11] , increased b-amyloid deposition [9] , and changes to plasma b-amyloid burden [39] .
While PTSD was a key risk factor in these analyses, some of the excess risk in this population may be directly attributable to WTC exposures. Compositional studies have identified known neurotoxins in dust collected at the WTC [40] . Building on a prior study, which showed that prolonged work on the pile was associated with reduced cognitive performance [17] , we also found a weak association between prolonged exposure that was magnified among responders carrying the high-risk APOE-ε4 allele. These results support the potential for dust exposures to infiltrate the brain when blood-brain-barrier permeability is increased as has been reported for APOE-ε4 carriers [30] but may also be common in old age [41] . Future analyses should seek to replicate these analyses.
Limitations
Though being the first study of its kind among WTC responders, this study was limited in a number of ways. First, we relied upon a meta-analysis of other incidence studies to provide a comparison population. The best comparison group would be one made up of similarly educated and employed individuals who did not respond. The extreme nature of the WTC exposure meant that most NYPD, who make up 66% of our population, aided in response efforts. Those who did not may be unique in a number of ways, including that they were disabled or otherwise unfit during the response efforts. Nevertheless, while the comparison statistics presented are not optimal, there is a known need to clarify our expectations about the level of incidence expected for these purposes. In addition, we relied upon a short but well-validated clinical examination to identify MCI. This examination could fit the short time window that was available but is not a comprehensive neuropsychological examination and does not allow for domain-specific analysis. Furthermore, despite the fact that we defined MCI and accompanying cognitive decline in a way that is consistent with researchers in the field of Alzheimer's disease, in the absence of neural biomarkers, we cannot ascertain pathogenesis or possible prognosis of MCI in this cohort. Individuals in this study were cognitively assessed for the first time more than 10 years after WTC exposures. Although individuals who were already cognitively impaired at baseline were excluded from this study, the follow-up of cognitive status in this population relying on alternative measures of risk of Alzheimer's and related diseases will be crucial for future studies. There was no time allotted for cognitive assessments to validate cognitive status across all recorded cases. Because of strong symptomatologic overlap between psychiatric disorders, we were not powered to discriminate between mental health disorders in multivariable analyses. In addition, while individual risk for MCI appears to be increasing in this population, there are no comparable data with which to directly compare incidence in such a young population. While this study was interested in MCI [19] , a prodrome for Alzheimer's disease, recognizing the youth of the population and the lack of quantitative neuropathology were refrained from applying diagnostic labels in favor of more descriptive language. A final limitation is the reliance on self-reported symptoms from enrollment visits rather than diagnostic information for PTSD. While not always preferable, this focus on symptom domains is in line with the increased interest in symptoms-focused definitions of mental health diagnoses and recognizes the emerging consensus that specific PTSD symptoms may have different long-term consequences and specifically that chronically re-experiencing a stressful event may carry undue influence on neurobiological risk [38] .
Conclusions
This study is the first of its kind in a sample of WTC responders and provides increasing support for the view that WTC exposures may have neurological implications. The long-term risks on health after WTC exposures are largely unknown. In this cohort, the incidence of MCI was more than three times as common as has been previously shown in similar studies. Clinicians and policymakers need to be aware of the increased risk for early MCI in this population and the utility of monitoring cognitive functioning in the long term.
